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Introduction
Since the demonstration of liquid phase exfoliation of graphene oxide [1, 2] and later of pristine graphene [3] [4] [5] , it has been clear that such materials have huge potential as fillers in composites or hybrids [1] . The fact that graphene displays both the highest stiffness and strength of any material known to man [6] suggests that it should be very promising as a reinforcing filler in polymer-based composites. However, a number of papers have appeared on this subject, generally describing the reinforcement of rigid thermoplastics, with none showing outstanding results. [7] [8] [9] [10] [11] [12] [13] [14] [15] In general, the increases in stiffness have been moderate, typically by less than a factor of 3. We can quantify the reinforcement as the rate of increase in modulus with respect to graphene volume fraction, dY/dV f . [16] From the rule of mixtures we would expect dY/dV f for graphene-filled thermoplastics to approach the graphene modulus, i.e. 1TPa. However, the best results in the literature are equivalent to dY/dV f ~110 GPa. [14] In comparison, dY/dV f values in excess of 1 TPa have been observed for polymernanotube composites. [16] Young et al have shown (for graphene-PMMA composites at least), that this poor performance is due to very poor stress-transfer at the interface. [17] This is different to polymer-nanotube composites where good stress transfer has been observed by many researchers. [18, 19] In principle, stress transfer can be improved by functionalisation.
However, a number of authors have attempted this without great success. [8, 13] These considerations cast doubt on the hopes of many, that graphene will play an important role in composites for mechanical applications.
With this in mind, we propose a different approach. Rather than reinforcing thermoplastics, we suggest that graphene might make an impact reinforcing elastomers.
Reinforcement mechanisms in elastomeric composites are more complex than in thermoplastic based composites, a fact that may circumvent the poor stress transfer described above. Hard thermoplastics are characterised by relatively high stiffness and strength but low ductility and toughness (work done to fracture). Conversely, elastomers are characterised by low stiffness and low stress at low strain but high ductility and toughness. We propose that addition of graphene to elastomers could result in a material with positive elements of both hard thermoplastics and elastomers: high stiffness and strength yet relatively large ductility and toughness. Such materials would be useful in a range of applications.
For such composites to have the properties outlined, a delicate balance must be maintained. While addition of nano-fillers such as nanotubes, nanoclays, nanofibres etc to elastomers may result in increases in strength and stiffness, this is usually accompanied by reduction in ductility and toughness. [20] [21] [22] [23] Thus, it will be critical to improve stiffness and strength at a faster rate than ductility and toughness are degraded. This has been attempted before by filling polyurethane (PU) with nanotubes. [20, 24] Significant increases in stiffness and strength were observed but at a cost of very large decreases in ductility and toughness.
The result was nanotube-reinforced PU which was mechanically, slightly inferior to a typical thermoplastic. In addition, composites have been prepared of polyurethane filled with graphene oxide and functionalised graphene. [25] [26] [27] [28] However, it would be simpler to prepare composites from pristine graphene, exfoliated from liquids. [3, 4] This material is largely defect free and requires no acid treatment or chemical reduction during synthesis.
In this work we show that liquid exfoliated graphene is a very promising filler for reinforcement of elastomers than carbon nanotubes. We have used liquid exfoliated graphene to prepare PU-graphene composites with graphene mass fractions of up to 90%. The graphene remains exfoliated and is reasonably well dispersed even at high mass fractions.
Thermal measurements show the graphene to interact strongly with the PU soft segments. We observed exponential increases in modulus and stress at low strain with mass fraction.
Critically, we observed a slower exponential decrease in ductility and toughness. The ultimate tensile strength remained reasonably constant over a wide range of mass fractions. This allowed us to prepare composites with modulus, strength and stress at low strain typical of hard thermoplastics but with high ductility and toughness.
Methods
Graphite Flakes (Sigma Aldridge) were dispersed in DMF (initial concentration 3 mg/ml) in a sonic bath (Branson MT-1510, 80Watt) for 150hrs. While we appreciate that this results in a very long sonication time, we are working on alternative preparation methods which will give much shorter sonication times. The dispersion was split into two portions which were centrifuged at 500 rpm for 22.5 and 45 minutes and two other portions centrifuged at 750 and 1000 rpm for 45 minutes (Hettich Mikro 22R). After centrifugation, the supernatants were collected. Under normal circumstances, centrifuged graphene dispersions have concentrations no higher than ~1 mg/mL, [5] The PU was purchased from Hydrosize (product code U2-01, average particle size ~3 µm, www.hydrosize.com). The polymer stock solution was produced by drying a Hydrosize PU/Water dispersion at 60 degrees for 72 hours. The resulting solid was then cut up and portions dissolved in both THF and DMF to obtain two 50mg/ml (PU/THF and PU/DMF) solutions.
The graphene and polymer stock solutions in DMF and THF were blended to create a range of 10 dispersions of varying mass fraction (between 0 and 90 wt%) for both DMF and THF. These dispersions were of constant mass (100mg total of graphene and polymer) and constant volume (5ml total of graphene, polymer and solvent). These samples were sonicated in the same bath as before for 4 hours to homogenise the blended solutions and were then drop cast into 1cm×2cm×2cm Teflon trays. These trays were dried for 12 hours in a vacuum oven (60 degrees at 50 mbar for DMF films and room temp at 900 mbar for THF films to avoid solvent boiling) and further dried at 60 degrees for 72 hours in a normal oven. The films were then removed from the trays and cut into strips of width 2.25mm for tensile testing.
Transmission electron microscopy (TEM) was performed by dropping small quantities of graphene containing dispersions on holey carbon grids using a Jeol 2100, operated at 200kV. An Orion Plus helium ion microscope system was used to image the films. A 5 micron aperture was used for polymer and composite films with a beam current of 0.5pA. Raman spectra were taken using Horiba Jobin Yvon LabRAM-HR with 633nm red laser. Differential scanning calorimetry (DSC) was carried out with a Perkin Elmer Diamond DSC with a heating scan rate of 20 ºC/minute in the temperature range from -45 ºC to 170 ºC. Tensile tests were carried out using a Zwick Roell with a 100 N load cell at a strain rate of 50 mm/min 3.0 Results and Discussion
Graphene dispersion and composite morphology
We have prepared graphene-PU composite films by drop casting graphene-PU dispersions. These dispersions were prepared using two solvents, THF and DMF, which have low and high boiling points respectively. The aim was to check for solvent effects on the mechanical properties of the composites. It is known that graphene can be dispersed and exfoliated effectively in DMF but not in THF. [3, 4] However, we found that graphene could be exfoliated in THF in the presence of dissolved PU. The exfoliated graphene was reasonably stable with the stabilisation mechanism probably described by partial polymer absorption and steric stabilisation. [29, 30] We analysed the exfoliation state of graphene in DMF (0.1mg/ml), DMF/PU and THF/PU (both 45:55 mass ratio, 0.3mg/ml solid concentration) by TEM. In each case, many few-layer graphene flakes were observed. Typical lateral sizes ranged from 100 nm to 5 µm. Examples are shown in figure 1 A-C. We note that the detailed structure of the PU, in terms of the composition and specific chemistry of the hard and soft segments, is probably important for the graphene stabilisation (and mechanical properties of the resultant composites). Unfortunately the manufacturer declined to provide this information.
We prepared films by drop casting the dispersions into a mould and drying. These were examined using He ion microscopy. Shown in figure 1D&E are He ion images of fracture surfaces of an unfilled PU film and a 55wt% graphene/PU composite. While the fracture surface of the PU film is fairly featureless, the composite film has large numbers of graphitic flakes protruding. It is not possible to tell the aggregation state of the flakes from these images. To investigate this, Raman spectroscopy was carried out on the high graphene content films (55wt%). Typical spectra are shown in figure 1F . These display a moderate disorder band (Raman D:G ratio ~0.5, typical of flake size close to 1 µm). [5] More importantly, they displayed 2D bands (~2600 cm -1 ) typical of exfoliated graphene with <5 layers per flake. [31] This strongly suggests that the flakes remain well exfoliated on composite formation, even up to mass fractions of 55wt%. film. E) He ion image of the fracture surface of a 55wt% graphene PU film (deposited from DMF). F) Raman spectra for graphene-PU composites prepared from both THF and DMF (both 55wt%). Also shown is the spectrum of the starting graphite powder.
We have previously shown that insertion of carbon nanotubes into PU results in changes to the polymer morphology. [24] The PU used here is a thermoplastic elastomer. This is a co-polymer with two different types of chain segments, denoted hard and soft, each with very different properties. The soft segments (SS) have rubber-like properties while the hard F segments tend to form crystallites which act as physical cross-links. The effect is to give PU elastomeric properties. Depending on the nanotube type, nanotube insertion can change the crystallinity of either hard or soft segments in PU. [24] To test the effect of graphene insertion on the PU, we carried out DSC on the PU itself and for composites with 15, 30 and 55wt% graphene (figure S1). The results were similar for both solvents. In the PU films, we observed a single peak at ~25 o C. A number of researchers have associated this peak with melting of soft segment crystallites. [32] [33] [34] [35] [36] [37] [38] For both solvents, we see the reduction in intensity of this peak as graphene content is increased until by 30wt% no SS crystallites are observable. This strongly suggests that the presence of graphene somehow impedes the formation of soft segment crystallites. While the mechanism for this is unclear, we suggest that the graphene interacts strongly, although probably only by van der Waals interactions, with the PU soft segments, hindering motion and so impeding crystallisation.
The effect of flake size on composite properties
It is known that control of the centrifugation rate allows one to control the lateral size of dispersed graphene flakes. [5] Flake size is likely to influence the mechanical properties of the composites. This makes it critical to test the effect of centrifugation rate on the composite mechanical properties in order to choose an appropriate rotation rate for use in the rest of the study. We prepared graphene-PU composites (20wt%) from dispersions which had been centrifuged at a range of rates from 500 to 1000 rpm. We expect higher rotation rates to result in smaller lateral flake sizes. [5, 39] Representative stress-strain curves are shown in figure   S2 . It is clear that rotation rate and so flake size significantly affects the mechanical 
Mechanical properties as a function of graphene content
We have measured the tensile stress-strain behaviour for graphene-PU composite thin films prepared from both THF and DMF. Representative stress-strain curves for a subset of the composites prepared in DMF are shown in figure 2 . The composites prepared in THF show substantially the same behaviour. While the 0.1wt% composite behaves similarly to the PU, composites with higher graphene content show substantially different stress-strain behaviour. As the mass fraction is increased, the stress at a given strain tends to increase steadily. In addition, composites with higher graphene contents tend to fail at lower strain.
Shown in the inset of figure 2 is the low strain region of the stress-strain curves. From this curve it is clear that the 55wt% composite displays significant stress even at low strain. For comparison we have included a stress-strain curve for a solution-cast film of the hard thermoplastic, polycarbonate (PC). We note that for strains below ~1.3% the stress-strain curve for the 55wt% sample is virtually identical to that of PC. At higher strains the 55wt% sample begins to deviate from the PC finally failing at slightly lower stress but much higher strain (PU: σ B =35 MPa, ε B =13%, PC: σ B =44 MPa, ε B =4%). We emphasize that for some applications, this reduced strength is more than compensated for by the increased ductility and hence toughness.
We can examine the affect of adding graphene in more detail by plotting some specific mechanical properties as a function of graphene content. Shown in figure 3A is Young's modulus plotted as a function of graphene content for both composite types. As with all other mechanical properties, both composite types display almost identical behaviour.
This demonstrates that the solvent used during preparation has no real effect on composite properties. This is in contrast carbon nanotube -polyvinylalcohol composites where films prepared from nanotube-dispersing solvents such as N-methylpyrrolidone displayed relatively poor properties compared to more volatile solvents. [40] For graphene-PU composites, the modulus tends to increase exponentially with graphene content before saturating at ~1.5 GPa for mass fractions above 50wt%. We can characterise the exponential rise by the graphene content required to increase Y by a factor of 100. This works out as roughly 45wt%. The dashed line represents the mechanical properties of a solution cast PC film. We see that the composite modulus matches that of this hard thermoplastic for mass fractions above about 45wt%. Although elastomers may be reasonably strong, they generally display large stresses only at high strains. On the contrary, a defining property of hard thermoplastics is the presence of relatively high stress at strains of a few percent. Thus, we measured the stress at a fixed strain of 3% for all our composites. This stress, σ ε=3% , is shown as a function of graphene content in figure 3B . Like the modulus, it increases exponentially before saturating at 25 MPa above 50% strain. This is reasonably close to the value of σ ε=3% =38 MPa measured for polycarbonate. The graphene content required to increase σ ε=3% by a factor of 100 is ~50wt%.
In figure 3C , we show the ultimate tensile strength, σ B , as a function of graphene content. The strength shows by far the most complex behaviour as a function of graphene content. Initially, σ B increases from 25 MPa for PU to 35 MPa for the 0.5wt% composite. As the mass fraction is increased further the strength falls to ~20 MPa at ~30wt%. This behaviour typical for composites and is usually explained by aggregation effects. [16] However, almost identical behaviour was recently observed for composites of polyurethane reinforced with functionalised nanotubes. [24] The reduction in strength was explained in terms of interactions with the PU soft segments resulting in failure at lower stress. A similar phenomenon may be occurring here. The DSC data has shown that the soft segment crystallinity decreases to zero as the graphene content increase to 30wt%. Such disruption of soft segment crystallinity may be responsible for the observed reduction in strength.
However, for graphene content above 30wt%, the strength increases again, reaching 36 MPa for the 55% composite. We note that this is reasonably close to the value of 45 MPa measured for polycarbonate. The reason for this increase may again be explained by the interaction of the PU soft segments with the graphene. At mass fractions of 30-50wt%, the graphene sheets are on average only nanometers apart. In this scenario, the majority of PU soft segments are likely to be bound to graphene sheets. In this case, the graphene sheets themselves may act like physical cross-links, binding chains together and disrupting chain motion. Such behaviour could conceivably increase the composite strength. However at higher mass factions, the graphene sheets are forced closer together, inevitably resulting in aggregation. If such aggregates are disordered, they may act as stress raisers, weakening the material.
Shown in figure 3D and E are the strain at break, ε B , and the toughness, T, (defined as the area under the stress-strain curve). Unsurprisingly, both strain at break and toughness fall, apparently exponentially, with increasing mass fraction. This is often observed in nano filledelastomer composites [20, 21, 23] . The graphene contents required to decrease ε B and T by a factor of 100 are ~60wt% in each case. We note that for composites with mass fraction up to 75wt%, both ε B and T are higher than in PC. For lower mass fractions, ε B and T are dramatically higher. This may give these materials significant advantages over hard thermoplastics in some applications.
We can compare these results to previously published work by Blighe et al on high volume fraction composites of PU filled with Hipco SWNTs. [20] In this paper the mechanical properties of such composites were measured from 0wt% to 100 wt% SWNTs, In order to achieve the original goal of achieving composites with high stiffness and strength yet large ductility and toughness, we said it would be necessary to improve stiffness and strength at a faster rate than ductility and toughness are degraded. We can see that this is the case by examining the mass fractions required to achieve an increase / decrease by a factor of 100 in a given property. For Y, σ ε=3% , ε B and T, these values were 45, 50, 60 and 60wt% respectively. This shows that Y and σ ε=3% did indeed increase marginally faster than ε B and T decreased. As a result, the materials described here share the desirable properties of both rigid thermoplastics and elastomers as shown in the graphene flakes with the PU it may be possible to obtain the increases in stiffness and stress at low strain while maintaining the ductility and toughness.
Conclusion
We have prepared high concentration dispersions of graphene stabilised by polyurethane in the solvents tetrahydrofuran and dimethylformamide. This has allowed us to produce graphene/polyurethane composites by drop casting with graphene mass fractions from 0% to 90%. Raman spectroscopy showed the graphene to be well exfoliated, even at mass fractions up to 55wt%. Differential scanning calorimetry showed the PU soft segment crystallite content to fall with increasing graphene content. Addition of graphene resulted in exponential increases in both the Young's modulus and the stress at 3% strain with these quantities saturating at values of 1 GPa and 25 MPa respectively for mass fractions above 50wt%. The ultimate tensile stress showed more complex behaviour but remained between 17 and 40 MPa for all graphene contents below 75wt%. The strain at break and toughness fell exponentially with increasing mass fraction. However, both quantities fell slower with increasing graphene content than the modulus or stress at low strain. . These values of Y, σ ε=3% and σ B are similar to typical thermoplastics. However, ε B and T are much higher than most rigid thermoplastics. We believe that further optimisation of this method, perhaps by selectively functionalising the graphene sheets to facilitate interaction with the matrix, could result in further improvements.
Thus, we believe this method could eventually be used to prepare composites with mechanical properties not found in common polymers. film. E) He ion image of the fracture surface of a 55wt% graphene PU film (deposited from DMF). F) Raman spectra for graphene-PU composites prepared from both THF and DMF (both 55wt%). Also shown is the spectrum of the starting graphite powder. 
